Abstract-High-performance optical pulse shaping is paramount to photonics and laser applications for which highprecision optical waveforms must be generated. We investigate the design and performance of a time-multiplexed pulse-shaping (TMPS) system in which optical waveforms from a single pulseshaping unit are demultiplexed and retimed before being sent to different optical systems. This architecture has the advantages of low cost and low relative jitter between optical waveforms because a single pulse-shaping system, e.g., a high-performance arbitrary waveform generator driving a Mach-Zehnder modulator, generates all the waveforms. We demonstrate an eight-channel TMPS system based on a 1 × 8 LiNbO 3 demultiplexer composed of four stages of 1 × 2 Δβ phase-reversal switches. It is shown that optimal demultiplexing, i.e., low insertion loss and high extinction ratio between channels, requires optimization in dynamic operation because of the slow component of the switches' response. We demonstrate losses lower than 5 dB, extinction ratios of the order of 70 dB for a four-channel system and 50 dB for an eight-channel system, and jitter added by the demultiplexer smaller than 0.1 ps.
I. INTRODUCTION
O PTICAL pulses are used to transmit information, perform remote sensing and metrology, and study physical processes in matter. These optics and photonics applications require the generation of pulses with control of their temporal characteristics, i.e., instantaneous power, timing, and phase and frequency variations over the pulse shape. There are numerous techniques to generate high-bandwidth optical waveforms [1] - [8] . Direct time-domain generation using high-bandwidth modulators is common in telecommunication applications and has benefited from the progress of high-bandwidth direct digital-to-analog signal synthesis and amplification. CommerManuscript received June 2, 2016; revised November 8, 2016 ; accepted December 3, 2016. Date of publication December 6, 2016; date of current version January 9, 2017. This work was supported in part by the Department of Energy National Nuclear Security Administration under Award DE-NA0001944, in part by the University of Rochester, and in part by the New York State Energy Research and Development Authority.
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Digital Object Identifier 10.1109/JLT.2016.2637281 cial arbitrary waveform generators (AWG's) with analog bandwidth higher than 10 GHz, sampling rates beyond 50 GS/s, and a sampling depth of 8 bits can be used to drive electro-optic modulators and generate high-resolution optical waveforms [9] , [10] . The precise generation of shaped optical waveforms is paramount to high-energy lasers that must deliver on-target pulse shapes optimized for laser-matter interaction. The front end of these facilities must generate optical pulses with low relative jitter and high-bandwidth pulse-shape control. The National Ignition Facility (192 high-energy beams) uses 48 AWG's to precisely shape 48 seed pulses sent along distinct optical paths that include optical amplification, frequency conversion, beam smoothing, and focusing [11] , [12] . Full deployment of the Laser Mégajoule (240 high-energy beams) will require 60 pulse-shaping units to precisely shape 60 seed pulses [13] . The OMEGA laser uses a single AWG and a time-multiplexed system to generate three arbitrarily shaped pulses that can be propagated in different amplification systems [14] .
We present a time-multiplexed pulse-shaping (TMPS) system allowing for up to eight synchronized optical waveforms to be sent to eight distinct optical systems, e.g., sequences of optical amplifiers. A single pulse-shaping unit composed of an AWG and electro-optic modulator generates a waveform composed of the shaped optical waveforms in different time slots. These waveforms are demultiplexed by a precisely calibrated LiNbO 3 1 × 8 demultiplexer and retimed. The use of a common pulse-shaping system significantly decreases the relative jitter between output waveforms and allows for a significant resource reduction. The principle and implementation of the TMPS system are described in Sec. II. Experimental results focusing on the performance of the demultiplexer are presented in Sec. III. Scaling and applications are discussed in Sec. IV.
II. PRINCIPLE AND IMPLEMENTATION

A. General System Description
The purpose of time-multiplexed pulse shaping is to generate a plurality of shaped optical waveforms on physically distinct optical paths, for example, optical fibers, using a single high-performance pulse-shaping system [ Fig. 1(a) ]. The pulseshaping unit generates a composite optical waveform composed of the shaped waveforms in their respective time slots. The composite waveform is sent to an optical demultiplexer configured 0733-8724 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. to route different temporal slices to different outputs. In this work, the demultiplexer is configured to maximize the transmission of time slot j from demultiplexer input to output j while minimizing the transmission of that particular time slot to other demultiplexer outputs. Optical fibers after each demultiplexer output relatively delay the waveforms-for example when synchronized waveforms must propagate in different sections of a laser system and arrive on target at a predefined time.
The TMPS system provides significant performance improvement and cost reduction compared to the implementation of multiple pulse-shaping systems. The relative jitter between the generated waveforms is limited only by the short-term variations of the pulse-shaping system's time base, without any impact from the jitter between the pulse-shaping system and an external trigger. Lowering the relative jitter between waveforms is an important consideration when the shaped pulses must be recombined into a single optical waveform later in the system or arrive on target with well-controlled relative timing. Generating multiple shaped optical waveforms with a single pulse-shaping unit instead of several units can significantly reduce the overall cost when the pulse-shaping hardware is expensive, e.g., when it is based on a high-bandwidth AWG.
B. Typical Parameters
The required TMPS performance is application dependent. The application focused on here is the seeding of multiple laser systems in the context of high-energy lasers. For each laser system, we allocate a time slot in which the seed pulse can be arbitrarily timed [ Fig. 1(b) ]. This ensures sufficient flexibility to modify the relative timing between seed pulses without reconfiguration or recalibration. In this work, consecutive 700-ns time slots are used because of an operation requirement for the OMEGA Laser System [14] where sub-10-ns seed pulses must be temporally tunable by as much as ±300 ns relative to their average timing. The 700-ns slots allow for tuning the seed pulses in a 600-ns range while leaving a 100-ns buffer window for transition of the demultiplexer between different demultiplexing states. For an N-channel system (N outputs, N time slots), the demultiplexer's performance can be described by the N × N transmission matrix (T ij ), where T ij is the transmission of time slot j from input to output i. Ideally, the diagonal elements are equal to 1 and nondiagonal elements are equal to 0. In practical conditions (i.e., with insertion losses and imperfections in the demultiplexer and driver), optimal demultiplexer operation corresponds to maximizing the diagonal elements while minimizing the nondiagonal elements.
Low insertion losses are required to maintain the output energy and the signal-to-noise ratio. High extinction ratios are in general required to avoid sending spurious waveforms to the amplifiers that follow the TMPS system. Additional gating modulators located after the demultiplexer or the retiming fibers can enhance the extinction ratio, at the expense of additional complexity, cost, and optical loss. A baseline for insertion loss and extinction ratio of an 8-channel system is established by considering a TMPS architecture based on three stages of passive 1 × 2 couplers. The intrinsic loss and extinction ratio are 9 dB and 0 dB, respectively, because one-eighth of the energy of each waveform is present at each of the eight outputs. Acoustooptic modulators at each output can increase the extinction ratio. Considering their typical characteristics (3-dB insertion loss, 40-dB extinction ratio), this baseline demultiplexing architecture has an estimated insertion loss of 12 dB and extinction ratio of 40 dB. These values set a performance goal for the active demultiplexing solution described in this article.
C. Demultiplexer Technology
A custom lithium niobate (LiNbO 3 ) waveguide structure composed of fifteen 1 × 2 Δβ phase-reversal switches [15] , [16] has been procured from EOSPACE [17] for an eightchannel TMPS demonstration (Fig. 2) . In the absence of propagation losses, the coupling ratio between two adjacent waveguides of length L is described by where Δβ is the difference in propagation constant and L c is the coupling length. Light remaining on the same waveguide corresponds to the transmission T 11 = T 22 = 1 − T 12 . The difference Δβ is controlled by applying a voltage that modifies the local refractive index by means of the electro-optic effect. Fig. 3 shows an example of the measured transmission characteristics versus applied voltage for a 1053-nm monochromatic source propagating in a packaged LiNbO 3 1 × 2 Δβ phase-reversal switch. Two voltages corresponding to the bar configuration (no coupling between waveguide, i.e., T 12 = 0) and cross configuration (all light from each waveguide is coupled to the other waveguide, i.e., T 12 ∼ 1) of each 1 × 2 switch must be identified for optimal routing. The 1 × 8 demultiplexer designed and fabricated by EOSPACE [17] is organized in four stages ( Fig. 2) : Each 1 × 2 switch in the first three stages (switches S11, S21, S22, S31, S32, S33, and S34) can route its input to either of its outputs for demultiplexing. Each of the fourth-stage switches (S41 to S48) can route its input to either an output connected to an optical fiber or an unconnected output to enhance the demultiplexer extinction ratio. Propagation from input to each output can be described by the product of the transmission functions for each switch on the path, where each Δβ is a function of the voltage applied to the corresponding switch.
D. Driver Technology
Operating the demultiplexer requires applying control voltages to each of the fifteen 1 × 2 switches. The most-general driver implementation consists of 15 arbitrary waveform generators that provide a time-dependent voltage to each switch, but this solution is complex, expensive, and cumbersome to integrate. Since demultiplexing requires operating each switch in either the bar or cross configuration, we have designed a driver that produces two independent voltages for each 1 × 2 switch (Fig. 4) . The bar and cross voltages are generated by two 12-bit digital-to-analog converters (DAC's) with output voltages of 0 to 5 V. A fast analog switch allows one to switch between these two voltages. An operational amplifier level-shifts and amplifies the analog-switch output to a range of -13V to + 13 V. A field-programmable gate array (FPGA) drives the fast analog switches. The FPGA uses a 200-MHz clock to specify the state of each analog switch in any 5-ns time window. The state of the 15 analog switches, i.e., the state of each 1 × 2 switch in the demultiplexer, is defined in a routing table for each output. For example, routing from input to output 4 requires that switch S11 be in the bar configuration, switch S21 in the bar configuration, switch S32 in the cross configuration, and switch S44 in the bar configuration (red path in Fig. 2 ). All other fourth-stage switches are set to the cross configuration to route unwanted light to their unconnected output, thereby enhancing the extinction. Although the FPGA allows for arbitrary demultiplexing patterns, the switch is sequentially driven for our application, i.e., time slot j is sent to output port j for a given number of cycles of the 200-MHz clock. When externally triggered, the FPGA runs through the defined sequence and waits until the next trigger. The driver and demultiplexer have been successfully operated at trigger rates up to 1 MHz. All results presented here have been obtained at much lower rates (subkHz) that are representative of the operating conditions of fiber front ends for high-energy laser systems.
E. Practical Considerations Concerning the LiNbO3 Demultiplexer
Lithium niobate is the host of a wide range of electric and optical effects [18] . The Δβ phase-reversal switch architecture is sensitive to the local distribution of charges, i.e., electrons and holes within the crystal lattice structure. Spatial charge unbalances leading to phase variations resulting from the electro-optic effect can be generated by a variety of physical phenomena, including the photorefractive effect (induced by optical absorption), piezoelectric effect (induced by pressure, e.g., because of mounting stress), and pyroelectric effect (induced by temperature changes). The piezoelectric and pyroelectric effects can be alleviated by adequate engineering and operating conditions. The photorefractive effect depends strongly on the photon energy and time-integrated fluence. Its detrimental impact was limited by operating the demultiplexer at a constant elevated temperature of 48°C to remove trapped charges created by optical absorption. This temperature is a somewhat arbitrary trade-off between operating at room temperature, where photorefractive effects led to performance degradation, and operating at high temperature, which can introduce additional issues related to significant heat dissipation in a temperature-controlled environment.
LiNbO 3 Mach-Zehnder (MZ) structures could be considered for demultiplexing [19] , but their performance is sensitive to bias drift [20] . The bias must be very precisely set to ensure good extinction, and bias drift must be managed by either a feedback mechanism or operation where the average drive voltage is zero to ensure that no electric charges resulting in detrimental phase changes are generated. Implementation of the demultiplexer with Δβ phase-reversal switches instead of MZ switches is advantageous because the optimal drive voltages do not significantly change over time once the charge-inducing effects previously mentioned are adequately dealt with. A TMPS system based on Δβ phase-reversal switches, continuously operated on the OMEGA Laser System [14] for approximately 18 months, has shown no statistically relevant changes in the optimal drive voltages and demultiplexing performance.
III. EXPERIMENTAL RESULTS
A. General Information
The experimental results focus on the performance of the 1 × 8 demultiplexer supporting the TMPS system. A monochromatic laser at 1053 nm has been used for all experimental results presented in this article, except for Secs. III(G) and III(H). For some experiments, the continuous-wave (cw) source was gated to an ∼5-μs pulse by an acousto-optic modulator to reduce the average power and avoid photorefractive effects. A trigger and 76-MHz reference signals were provided to the FPGA by a digital-delay generator (Stanford Research DG645) and a waveform generator (Agilent 33250A), respectively. The eight demultiplexer output fibers were connected to fiber-coupled DSC30 photodiodes (Discovery Semiconductors) connected to the two sets of four measurement channels of two 12-GHz oscilloscopes (Agilent). The oscilloscopes record the temporally resolved transmission of the demultiplexer between its input and each of its eight outputs.
In static operation, the voltages applied to the fifteen 1 × 2 switches are constant and the time-independent transmission between the demultiplexer and its eight outputs is characterized by an 8 × 8 matrix T ij . This matrix has diagonal elements T ij and nondiagonal elements T ij corresponding to the transmission to output i, when the demultiplexer is set to route the input light to output i and to other outputs j, respectively. In dynamic operation, the drives applied to the fifteen 1 × 2 switches change between their two binary voltage values set by the respective DAC's following a pattern determined by the FPGA. The FPGA keeps the drive voltages constant over time slots of specified duration. When 700-ns time slots are used, the transmission between input and each of the eight outputs is averaged over 600-ns intervals at the center of the eight time slots to quantify the demultiplexing performance because no significant transmission variation was observed in these intervals. This allows one to characterize the demultiplexer performance with an 8 × 8 matrix for specific dynamic conditions (demultiplexing sequence and time-slot duration). Each line of the transmission matrix under dynamic conditions is scaled to the transmission observed for the diagonal element; consequently, the extinction ratios are defined relative to the outputs and the diagonal elements are equal to 1. 
B. Observation of Capacitive Effects
When the voltage driving a 1 × 2 Δβ phase reversal switch quickly changes from one value to another, e.g., the values corresponding to the bar and cross configurations, the time-resolved switch transmission has a fast component and a slow component [ Fig. 5(a) ]. The fast component measured on our system is of the order of 5 ns, including the response time of the custom driver. The slow component is, in comparison, extremely slow (hundreds of microseconds). The existence of these two components implies that drive voltages optimized for static routing are not optimal for dynamic demultiplexing. Nonoptimal voltages increase the insertion losses and decrease the extinction ratios. Generating time-varying, high-bandwidth drive voltages that would optimally control the switch state in dynamic operation at all times, e.g., with 15 arbitrary waveform generators, would have required significant hardware development. We take advantage of the fact that the typical time scales of the TMPS system fall between the fast and slow response times of the Δβ phase-reversal switches to drive the switch in a binary fashion, i.e., identifying an optimal pair of voltages for the bar and cross configurations corresponding to a specific demultiplexing sequence.
As discussed in more detail in Sec. III.D, the binary values of the drive voltages are determined to maximize the transmission of each output j in time slot j and minimize the transmission for all other combinations of outputs and time slots under dynamic conditions. Fig. 5 (b) displays the time-resolved transmission of switch S31 measured at output port 2 around time slot 2. The extinction ratio in time slots 1 and 3 is clearly very low when driven with voltages optimized for static operation and is significantly improved when operating with voltages optimized in dynamic conditions. Fig. 5 (c) displays the time-resolved transmission of switch S44 measured at output port 4 around time slot 4. The transmission during time slot 4 is improved by ∼20% when driven with voltages optimized for dynamic operation instead of voltages optimized for static operation. The actual impact of the slow response time depends on a variety of factors, including the demultiplexer routing table and the voltage applied to the 1 × 2 switches from the end of the demultiplexing sequence until the next trigger. It was found that the drive voltages optimized for dynamic operation differ significantly, sometimes by as much as 4 V, from the optimal static voltages.
C. Eight-Channel Static Operation
The demultiplexer is first calibrated with static voltages applied to all fifteen 1 × 2 switches. The static voltage applied to a specific switch is scanned and the transmission between the input and one particular output is measured. The path between input and the chosen output must contain the switch being calibrated (e.g, one can choose output 4 to calibrate switches S11, S21, S32, and S44). This yields 15 transmission curves similar to one of the curves plotted in Fig. 3 . Each of these curves is fitted with a second-order polynomial around its respective minimum and maximum to identify the optimal operation voltages. This calibration leads to 30 optimal DAC voltages for static routing between input and outputs by the 15 switches.
The static transmission properties of the calibrated demultiplexer were characterized using a high-dynamic-range power meter. With the power meter connected to output i, the driver was sequentially configured to send light to each output j, therefore leading to a measurement of the transmission T ij after normalization by the input power. The measured transmission matrix T ij (Fig. 6 ) has diagonal elements, i.e., insertion losses, ranging from -4.6 to -5 dB and nondiagonal elements ranging from -55 dB to -70 dB, the latter being the measurement detection limit.
D. Dynamic-Calibration Formalism
Because of the relatively long component of a 1 × 2 switch response, the drive voltages determined for optimal static routing do not lead to good performance in dynamic operation (see Fig. 5 and specific examples for a four-channel and eightchannel TMPS system later in this article). Drive voltages must be calibrated in dynamic operation, i.e., when driving the demultiplexer to route different time slots (with ∼μs duration) of the input signal to different outputs. A general formalism has been developed to ensure that the calibration process is computationally efficient and exhaustive. A specific switch Sab must be calibrated to maximize its transmission over a given combination of time slots and outputs and minimize its transmission over another combination of time slots and outputs, with all other switches being driven statically. Measuring the entire transmission matrix T ij for a particular pair of bar and cross voltages for switch Sab is not computationally efficient because operation of the switches in stages 2, 3, and 4 affects only subsets of the eight outputs. Furthermore, all demultiplexer outputs corresponding to a particular output of switch Sab are similarly affected by the transmission of that switch. Based on these considerations, the calibration steps are as follows:
1) Define the demultiplexer outputs for temporal measurements and the time slots in which each identified output must be maximized or minimized. If several outputs are identically impacted by Sab (which is the case when calibrating switches in stages 1 and 2), only one output is chosen for maximization and one output for minimization. 2) Set all the switches from input to Sab and from Sab to the measured outputs to their passing state using the optimized static voltages. 3) Repeat the following substeps for an adequate range of bar and cross voltages to determine two 2-D matrices M and m: a) Measure the temporal waveforms at the defined demulitplexer outputs and average them over the corresponding time slots. b) Calculate M as the sum of the measured averaged transmission over all combinations of outputs and time slots for which the transmission must be maximized. c) Calculate m as the sum of the measured averaged transmission over all combinations of outputs and time slots for which the transmission must be minimized. 4) Determine the optimal bar and cross voltage for Sab by processing M and m. Two situations have been observed for the general shape of these matrices, depending on the switching sequence between drive voltages: a) When M and m were paraboloid with a wellidentified extremum at identical locations [example of S11 on Fig. 7(a) ], the optimal bar and cross voltages were obtained by fitting a paraboloid to m. b) When one matrix was observed to depend only on one drive voltage while the other one depended on both voltages but had a continuous line of extrema with positions that depend on both drive voltages [example of S41 on Fig. 7(b) ], the drive voltage leading to an extremum of the first matrix was determined by a parabolic fit of the marginal of that matrix. The other drive voltage was then determined as the voltage leading to an optimum of the second matrix for the first determined drive voltage. 5) Drive switch Sab with the determined bar and cross voltages, with all other switches still being run in static conditions and measure the temporal waveforms at the defined outputs. These waveforms are used to quantify the transmission performance of the switch in dynamic conditions and can be combined with the waveforms corresponding to other switches to quantify the overall demultiplexer performance in dynamic conditions. The following are two examples of the calibration process: 1) The fourth-stage switch S41 impacts only the transmission between input and output 1: the transmission must be maximized during time slot 1 and minimized during all other time slots; therefore the quantity M is determined by averaging the transmission over time slot 1 and the quantity m is determined by averaging the transmission over time slots 2 to 8. The switches S11, S21, and S31 are set to their bar, cross, and cross state, respectively, using the respective optimized static voltages, to route all input light to S41. 2) Switches in the first, second, and third stages are optimized by measuring the transmission between input and several multiplexer outputs. For example, the purpose of switch S11 in an eight-channel TMPS system is to send time slots {1, 2, 3, 4} toward S21 and time slots {5, 6, 7, 8} toward S22. Two outputs-for example 1 and 5-are chosen to quantify the performance of S11. The quantity M is defined as the sum of output 1 during time slots {1, 2, 3, 4} and output 5 during time slots {5, 6, 7, 8}. The quantity m is defined as the sum of output 1 during time slots {5, 6, 7, 8} and output 5 during time slots {1, 2, 3, 4}. The switches in stages 2, 3, and 4 are set to statically route light at the two outputs of switch S11 for optimal transmission to outputs 1 and 5.
E. Four-Channel Dynamic Operation
We have first calibrated and characterized the demultiplexer for dynamic operation with four output channels. Four-channel operation is sufficient to support implementation on OMEGA, and the four-channel performance is useful to establish scaling rules for the demultiplexer performance as a function of channel count (Sec. IV.A).
Analysis of the demultiplexer layout (Fig. 2) shows that routing to outputs 2, 3, 6, and 7 requires that the third-stage switches be in the bar configuration. These outputs were chosen because operation in this configuration has been observed to lead in general to better extinction. We use the one-to-one correspondence between these four physical outputs (2, 3, 6, and 7) and four consecutive 700-ns time slots, the latter being labeled (2, 3, 6, and 7) to remain consistent with earlier definitions (formally, one can consider that demultiplexing at ports 1, 4, 5, and 8 still occur in the respective time slots, but over a zero-duration time slot).
Demultiplexing to four outputs requires only that switches S11, S21, and S22 direct light in different time slots to their two connected outputs. The switches in the third and fourth stages of the demultiplexer are used to enhance the extinction ratio by routing their respective input signal to either a connected output during the time slot where transmission should be high or a nonconnected output during the other three time slots. Four-channel operation requires the calibration of eleven 1 × 2 switches out of 15, i.e., all switches except for switches S41, S44, S45, and S48.
After establishing, for each of the eleven switches, the optimal cross and bar voltages for demultiplexing (steps 1 to 4 in the previous subsection), we drive each switch sequentially in dynamic conditions with other switches statically driven in a passing state to allow for characterization of the demultiplexing function of the dynamically driven switch as a function of time (step 5 in the previous subsection). Measuring the dynamic transmission of one switch requires a dynamic range of the order of 30 dB, which is achievable by averaging of the photodetected waveform over a large number of acquisitions. The time-resolved transmission between input and each of the four outputs is then obtained as the product of the 1 × 2 switches transmission, e.g., transmission between input and output port 2 is the product of the transmissions for switches S11, S21, S31, and S42. The measured 4 × 4 transmission matrix for the fourchannel dynamic TMPS system is then obtained by averaging the four determined transmissions in the four time slots. This matrix shows extinction ratios ranging from 68 to 113 dB [ Fig. 8(a) ]. Two reasons explain the high values of the extinction ratio: First, the third-stage switches are used to enhance extinction in four-channel operation. All combinations of channels and time slots therefore experience the extinction of at least three switches. Second, some combinations of channels and time slots benefit from the extinction of four successive switches, one at each stage. For example, the high contrast observed on output 2 in time slots 6 and 7 is explained by the fact that these slots are routed toward S22 by switch S11, toward S32 by switch S21, and toward S41 by switch S31. Considering that the transmission of switch S42 is minimized during time slots 3, 6, and 7, the signal reaching output port 2 during time slots 6 and 7 has seen the combined action of the four switches S11, S21, S31, and S42. The transmission variation over the 600-ns time slots for the combinations of time slot and output port corresponding to a passing state is much smaller than 1 dB.
For comparison purposes, the transmission matrix for dynamic operation of a four-channel TMPS system driven with the bar and cross voltages determined for static routing is shown in Fig. 8(b) . Significant performance degradation is observed, with the lowest extinction being 41 dB and a typical additional insertion loss (transmission of channel j in time slot j) of ∼3 dB. This highlights the benefit of optimizing the demultiplexer in dynamic conditions.
F. Eight-Channel Dynamic Operation
The demultiplexer was optimized for dynamic operation with eight output channels. The voltages optimal for dynamic operation were again found to be significantly different from the optimal static voltages. The 8 × 8 transmission matrix is shown in Fig. 9(a) . The lowest observed extinction is 46 dB, and all but five out of the 56 nondiagonal elements of the extinction matrix are lower than -50 dB. This compares favorably with the baseline determined in Sec. II.B (three stages of passive 1 × 2 couplers followed by acousto-optic modulators). For comparison purposes, the eight-channel TMPS system has been characterized when using the drive voltages optimized for static routing [ Fig. 9(b) ]. The observed performance degradation [ Fig. 9(c) ] confirms that adequate operation in dynamic operation can be obtained only by calibration in dynamic conditions. The poor extinction and transmission properties of the demultiplexer driven with the optimized static voltages are clearly seen on the resulting time-resolved signals measured at the eight outputs (Fig. 10) . When the demultiplexer is driven with optimized voltages, the variations in time-resolved transmission corresponding to diagonal elements are much smaller than 1-dB over 600-ns, implying that demultiplexing would not detrimentally affect the shaped pulses.
G. Demultiplexer Operation at 1064 nm
Some applications require demultiplexing broadband or wavelength-tunable narrowband signals, e.g., trains of short optical pulses and phase-modulated optical signals with optical bandwidth increased to avoid stimulated Brillouin scattering in large optics and smooth the on-target beam profile [21] . We have tested the effect of the wavelength on the demultiplexer performance by operating it with a source at 1064 nm using drive voltages optimized at 1053 nm. The corresponding transmission matrices for static routing and dynamic demultiplexing [ Figs. 11(a) and 11(b) ] demonstrate that the performance is similar at 1064 nm and 1053 nm [ Fig. 6 and Fig. 9(a) ], with a very slight performance degradation when using drive voltages optimized at 1053 nm for operation at 1064 nm. In static conditions, insertion losses lower than 5 dB and extinction ratios better than -53 dB have been observed. In dynamic conditions, the worst extinction ratio was -43 dB, and seven combinations of output channels and time slots have an extinction ratio worse than -50 dB [ Fig. 11(c) ].
H. Relative-jitter Measurements
The relative jitter between the input and outputs of the demultiplexer has been measured (Fig. 12) . A 76-MHz train of subpicosecond pulses from a mode-locked laser at 1053 nm has been used to provide a temporal reference. The train is split by a passive 1 × 2 fiber coupler. The first coupler output is sent to the demultiplexer, configured to demultiplex eight successive 700-ns time slots to its eight outputs. One output of the demultiplexer and the second output of the passive 1 × 2 coupler are connected to the two inputs of a second passive 1 × 2 fiber coupler. The output of the latter coupler is connected to a fast photodetector (DSC10 from Discovery Semiconductors) and real-time oscilloscope (45-GHz, 120-GS/s Wavemaster from Teledyne Lecroy) with a combined impulse response of 17 ps.
The acquisition was set so that one measured oscilloscope trace obtained in a single shot included two successive demultiplexed pulses (pulses D1 and D2) and two successive reference pulses that had not propagated in the demultiplexer (pulses R1 and R2). Overlap between these pulses, if present, can be alleviated by adding a relative delay between the demultiplexed and reference paths with a fiber patchcord at one input of the second 1 × 2 coupler. The measured variation of the relative delay between R1 and R2 establishes the measurement precision limit Δτ limit. It includes the jitter between two successive pulses from the mode-locked laser and the measurement noise (caused by noise on the oscilloscope trace and limited bandwidth of the photodetection). The measured variation of the relative delay between D1 and R1 Δτ demux is attributed to jitter introduced by the demultiplexer, but it is an overestimate of that quantity because it includes the measurement noise and the jitter between Fig. 11 . Transmission matrix on a logarithmic scale for eight-channel dynamic operation measured at 1064 nm in static (a) and dynamic (b) operation. In each case, the corresponding voltages determined to be optimal for operation at 1053 nm have been used. These two figures can be compared to Figs. 6 and 9(a), respectively. The histograms of the nondiagonal elements for dynamic operation at 1053 nm and 1064 nm with voltages optimized at 1053 nm are shown in (c).
nonconsecutive pulses from the mode-locked laser. The latter is expected to be larger than the jitter between consecutive pulses, but it was not possible to ensure that R1 and D1 correspond to the same pulse from the mode-locked laser because of different path lengths between the first and second 2 × 2 couplers. The various delays were determined by Fourier processing. Because Fig. 12 . Setup for jitter quantification between input and output of the demultiplexer. The measurement limit Δτ lim it is determined as the jitter between two successive pulses from the reference pulse train R1 and R2. The jitter introduced by the demultiplexer is determined as the jitter between one demultiplexed pulse D1 and one reference pulse R1.
all the optical pulses are much shorter than the photodetection response R, a pulse j at a delay τ j leads to the voltage R(t − τ j ).
Each pulse in the measured trace was temporally filtered and then Fourier transformed to yieldR(f ) exp(2πif τ j ). The relative delay τ j − τ k between pulses j and k was determined by a linear fit of the argument of |R(f )| 2 exp[2πif (τ j − τ k )] obtained by combining their Fourier transforms. This process allows one to precisely determine relative delays without impact from the oscilloscope trigger jitter or jitter between channels because all pulses are acquired on a single channel. Working in the frequency domain alleviates the difficulty of determining delays in the time domain because of the limited sampling rate.
The measurement precision limit was determined as the standard deviation of 100 determinations of the relative delay between R1 and R2. This led to Δτ limit = 0.25 ps. The jitter between output and input of the demultiplexer was determined using the standard deviation of 100 determinations of the relative delay between R1 and D1. This led to Δτ demux = 0.27 ps. The fact that Δτ demux is approximately equal to Δτ limit indicates that the demultiplexer itself adds an insignificant jitter to the demultiplexed waveforms. Assuming that the measured demultiplexer jitter is the quadratic mean of the actual demultiplexer jitter and the measurement precision limit, this sets a value of ∼100 fs for the actual jitter, keeping in mind that this value includes the jitter between nonconsecutive pulses in the modelocked laser pulse train. The demultiplexer jitter is therefore shown to be insignificant, and the actual jitter between demultiplexed waveforms will be dominated by other factors, e.g., stability of the time base of the arbitrary waveform generator in the pulse-shaping system.
IV. SCALING AND APPLICATIONS
A. Performance Scaling
Based on the data presented in the previous section, some performance scaling rules are presented for a demultiplexer based on similar technology. A demultiplexer with S stages and P output ports can be used with S1 stages for demultiplexing (input routed to two outputs that steer light toward demultiplexer output ports) and S2 stages for extinction enhancement (input routed to a single output that steers light toward a demultiplexer output port), with P = 2 S 1 . For example, in the four-channel system described in Sec. III.E, S1 = 2, S2 = 2, S = 4, and P = 4, while for the eight-channel system described in Sec. III.F, S1 = 3, S2 = 1, S = 4, and P = 8. By definition, the contrast-enhancement switches for one output port only transmit light during the time slot of interest, therefore providing contrast equal to C × S2. A demultiplexing switch temporally steers its input to either of its output, hence the contrast that can be expected is at best C (in other words, the contrast among demultiplexed signals is of the order of C for at least one pair of channels and time slots before the contrast-enhancement stages). We assume here that the contrast obtained from the switches use for demultiplexing and contrast-enhancement is the same because the corresponding switches have identical structure. Although the time-varying driving voltages are different, we have not observed significant differences in the resulting contrast. We have not observed coupling between switches and therefore assume here that the driving signals can be independently optimized for best performance and that the resulting transmission is the product of all the switches transmission along the optical path. Based on these assumptions, there is at least one combination of output port and time slot for which the contrast is of the order of (1 + S2)C. This value is representative of the worst-achievable contrast assuming the choice of optimal switching configurations and drive voltages, considering the finite extinction of the individual 1 × 2 switches. The contrast is expected to be significantly better for some combinations of output ports and time slots that benefit from extinction of up to S switches.
The experimental results presented in the previous section (worst extinction equal to 68 dB and 46 dB for four-channel and eight-channel operation, respectively) show that the dynamic contrast C is approximately 23 dB per stage for the current demultiplexer, considering the time slots and driver technology, e.g., an additional contrast-enhancement stage contributes approximately 23 dB to the extinction ratio. Note that this perstage dynamic extinction is lower than what is obtained in purely static conditions (Fig. 3) . The insertion losses are mostly due to coupling in and out of the LiNbO 3 structure: a packaged 1 × 2 LiNbO 3 switch demonstrated insertion loss of the order of 2.5 dB, while the four-stage demultiplexer discussed in this article has insertion loss below 5 dB. Increasing the number of stages for enhanced extinction or increased number of output ports would therefore not come at the expense of significant additional insertion loss. The number of drive voltages would increase, but there is no fundamental limitation to scaling the driver.
B. Practical Considerations Concerning the Retiming Fibers
Some applications require that the demultiplexed waveforms be timed precisely relative to a common external reference or relative to each other. For example, in a high-energy laser system, the shaped optical pulses amplified in different beamlines must reach the target with well-controlled relative timing. Because of the required delays (∼100 ns to several μs), optical fibers are preferred for retiming since they can be packaged in a small volume and do not introduce jitter or significant drift when properly used. In the absence of other sources of relative timing changes between waveforms, e.g., optical paths of different length in different laser systems, the largest delay required for retiming is (P -1)τ , where τ is the delay between time slots in the pulse-shaping system. With P = 8 and τ = 700 ns, the largest relative delay is ∼5 μs, which can be obtained by propagation in ∼1 km of fiber (typical propagation time = 4.8 ns.m −1 ). Propagation in fibers gives rise to linear (temperaturesensitive propagation time, chromatic dispersion, polarization crosstalk), and power-dependent (stimulated Brillouin scattering and self-phase modulation) effects that can impact the timing, stability, and pulse shape of the retimed waveforms. Orders of magnitude of these effects are presented in the context of highenergy laser systems operating at 1053 nm, with some general considerations applicable to other applications or wavelengths.
1) Timing Stability:
We have determined the timing temperature sensitivity by placing an ∼80-m fiber spool in an environmental chamber and quantifying the variation of the propagation time of an optical pulse as a function of the applied temperature. It was found that the temperature sensitivity is 0.11 ps/m/
• C. This translates into a relative change of 20 ppm/
• C, considering the typical delay of 4.8 ns/m introduced by propagation in an optical fiber. The resulting delay drift is slowly varying and manageable for fibers of the orders of a few kilometers used in the laboratory environment, for example, a 100-ps delay drift for a 1°C temperature change on a 1-km retiming fiber. This can easily be compensated, if needed, by retiming the waveforms shaped by the pulse-shaping system, provided that waveforms arrival times are monitored.
2) Polarization Purity: Polarization crosstalk in polarization-maintaining (PM) fibers supporting two propagation modes because of depolarization or small variations in axes or connectors orientation is detrimental in applications where a precise polarization state must be maintained. Considering the typical differential group delay between its two modes, ∼ 1.5 ps/m [22] , a PM fiber can lead to a significantly delayed replica of the waveform, e.g., delays larger than 1 ns for a 1-km fiber. This delayed waveform is an issue by itself, for example, by generating a prepulse that reaches the target before the main pulse, or because of interference with the main waveform. Such interference is of particular concern, even for small relative delays, when transporting phase-modulated signals. One approach to cancel out this delay is to sequentially combine fibers with opposite orientation of their ordinary and extraordinary axes [22] . The approach we have followed is to use commercial polarizing fiber, i.e., polarization-maintaining fiber that has a large loss coefficient for one polarization state. Such fiber ensures a linear polarization state throughout the system and prevents detrimental polarization-mode dispersion and interference.
3) Temporal Broadening Due to Chromatic Dispersion: Chromatic dispersion originating from the nonlinear frequency dependence of the propagation constant can lead to temporal broadening of short optical pulses and FM-to-AM conversion for frequency-modulated pulses [23] . The temporal broadening is not significant for the relatively long pulses typically used in high-energy laser systems: for example, a 1-km PM fiber with dispersion equal to ϕ 2 = 25 ps 2 (D = −43 ps/nm) at 1053 nm [24] leads to negligible broadening of a Fouriertransform-limited 100-ps pulse. The same fiber leads to ∼20% broadening of a Fourier-transform-limited 10-ps pulse, which might still be acceptable for most applications, but uncompensated dispersion might not be acceptable for pulses with a broader spectrum, noting that the resulting pulse duration is proportional to ϕ 2 and inversely proportional to the Fouriertransform-limited pulse duration.
4) Conversion of Frequency Modulation to Amplitude Modulation
Resulting from Chromatic Dispersion: FM-to-AM conversion in the presence of chromatic dispersion is a more severe limitation [23] . When the second-order dispersion ϕ 2 is the main contributor, the power of a signal with phase modulation at frequency f = Ω/(2π) and modulation index m acquires a modulation at frequency f with peak-to-valley amplitude 2 mΩ 2 ϕ 2 (this expression being valid only when the latter is small relative to 1). This power modulation can be highly detrimental to operation of high-energy laser systems because of the resulting pulse-shape distortion and potentially unsafe power increase beyond the damage threshold of optical components. Typical values of f and m include {f = 3 GHz, m = 5.5 rad} [suppression of stimulated Brillouin scattering on the National Ignition Facility (NIF)], {f = 17 GHz, m = 2.6} (smoothing by spectral dispersion on the NIF), and {f = 31.9 GHz, m = 2.1 rad} (one of the high-frequency components required for implementing direct-drive ignition on the NIF) [21] . An uncompensated 1-km fiber induces AM of the order of 10% for the 3-GHz modulation and much-larger AM for the two other signals, because of the dependence on the square of the modulation frequency. These values are in general not acceptable. At 1053 nm, the fiber dispersion (ϕ 2 > 0) can be compensated by a grating compressor (ϕ 2 < 0). If each waveform propagates into a compressor after demultiplexing and retiming by fibers, the compressor can in principle be adjusted to cancel the overall ϕ 2 . However, the third-order dispersion coefficient ϕ 3 is positive for the compressor and for most materials and fibers at 1053 nm, meaning that compensation of ϕ 2 with a grating compressor leads to additional residual positive ϕ 3 . The resulting FM-to-AM conversion on a signal with a single phase modulation leads to AM at the frequency 2Ω with peak-to-valley amplitude equal to m 2 Ω 3 ϕ 3 , and various intermodulation terms at linear combinations of the modulation frequencies when there is more than one frequency modulation [23] . A compressor built with 1700 l/mm diffraction gratings set at the Littrow angle configured to compensate for the 25-ps 2 dispersion from 1 km of fiber adds 0.13 ps 3 of third-order dispersion to the pulse [25] . Assuming that the 1-km fiber has a dispersion slope equal to 0.2 ps.nm −2 at 1053 nm [24] and introduces 0.04 ps 3 of third-order dispersion, the combined 0.17 ps 3 leads to negligible (sub-1%) AM to the pulse, even for the highest combination of modulation index and frequency. It should be noted that if third-order dispersion from retiming becomes an issue for increased optical bandwidth, e.g., because of large amounts of phase modulation or shorter pulses, a compressor based on grisms has the opposite signs of ϕ 2 and ϕ 3 relative to the fiber [26] . The dispersion considerations on retiming fibers are highly dependent on the wavelength and type of fibers. For example, for a fiber that has ϕ 2 < 0 and ϕ 3 > 0, as is the case around 1550 nm for conventional single-mode fiber, both ϕ 2 and ϕ 3 can be compensated with a grating-based stretcher [25] . Fibers with engineered dispersion properties are commercially available at telecommunication wavelengths, e.g., dispersion-shifted fibers and dispersion-compensating fibers. 5) Self-Phase Modulation: Self-phase modulation is an intensity-dependent phase resulting from the optical Kerr effect [27] . In the absence of pulse-shape modification during propagation, the nonlinear phase is ψ(t) = γLP (t), where γ is the fiber nonlinear coefficient, L if the fiber length, and P is the optical power. The resulting time-dependent phase should be kept below 1 rad to avoid spectral modifications or pulse-shape modifications when both nonlinearity and chromatic dispersion are present. Using the relation γ = 2πn 2 /(λA eff ) [27] , where n 2 = 2.6 × 10 −16 cm 2 / W is the fused-silica nonlinear index, c is the speed of light, λ is the wavelength, and A eff = πw 2 is the effective core area of the fiber with mode field diameter 2w = 6.9 μm [24] , one finds γ = 4.1 W −1 .km −1 . At the 1-W level, e.g., 100 pJ in 100 ps, an optical pulse therefore accumulates more than π radians of nonlinear phase shift, which is most likely too high for applications where signal spectral and temporal integrity are important. On the OMEGA laser, the typical seed energies are of the order of 100 pJ for pulses that are several ns long, and the longest retiming fiber is ∼200 m long, which leads to negligible nonlinear phase. In general, the signal power must be kept low enough to ensure that the induced nonlinear phase is not detrimental to the signal quality.
6) Backward Stimulated Brillouin Scattering: Backward stimulated Brillouin scattering arises when optical and acoustic waves become coupled by electrostriction in a physical medium [28] , [29] . It is characterized by a power threshold beyond which most injected light is reflected. The threshold strongly depends on the bandwidth and duration of the optical pulse. Operation with pulses shorter than the phonon lifetime in fused silica (∼16 ns) or with adequate phase modulation allows for operation at high-power levels. Considering that most high-energy laser systems operate with pulses that are phase modulated in their fiber front end, Brillouin scattering in the retiming fibers is most likely not an issue as long as phase modulation is performed before propagation in the retiming fibers.
C. Generalization and Applications
This system has been developed and optimized for demultiplexing a sequence of optical waveforms generated by a single pulse shaping system toward eight distinct output ports to seed multiple laser systems with different synchronized optical waveforms. We briefly discuss some potential photonics applications where demultiplexing or multiplexing of optical signals arriving at different times onto a single fiber are required.
1) Demultiplexing Applications:
Temporal demultiplexing is required in optically sampled analog-to-digital converters to decrease the repetition rate of optical pulses from a mode-locked laser after modulation by an electrical signal under test and allow for analog-to-digital conversion with lower sampling rate and higher dynamic range [19] . Temporal demultiplexing of pulses from a mode-locked laser allows for the generation of a low repetition-rate pulse train that preserves the low amplitude and phase noise from the input high-repetition-rate train [30] . More generally, the demonstrated demultiplexer compares very favorably to a passive demultiplexer in terms of transmission efficiency for applications that require a low-repetition-rate train of pulses or isolated pulses from a single high-repetition-rate source to be sent to multiple systems, e.g., to seed multiple laser systems with amplifiers operating at a low repetition rate.
2) Multiplexing Applications: Optical multiplexing can be used for the combination of multiple optical sources onto a single fiber for sequential metrology of the properties of each source, e.g., a high-bandwidth oscilloscope. It also allows for advanced generation of optical signals that would not be feasible with a single optical source. For example, fast switching can be readily implemented between P different wavelengths by temporally multiplexing the output of P different monochromatic lasers, as an extension of the work done with two lasers [31] , or between P different pulse shapes for coherent control at a much faster rate than what can be achieved by mechanical means [32] .
The driver that has been developed for our application can deliver either a static voltage to each 1 × 2 switch or a dynamic sequence with two different voltage values. It could be used to implement a splitter with programmable splitting ratios. Replacing the digital driver by arbitrary waveform generators providing programmable time-varying drive signals could also enhance the performance of the multiplexer/demultiplexer and open up new applications, for example in microwave photonics [33] , [34] .
V. CONCLUSIONS
We have described a system architecture that will efficiently extend the performance of a single pulse-shaping unit by high-performance demultiplexing. The time-multiplexed pulseshaping concept generates multiple waveforms in different time slots that are demultiplexed and relatively retimed. Practical considerations have been presented. An experimental implementation of the demultiplexing stage based on a 1 × 8 LiNbO 3 demultiplexer based on four stages of 1 × 2 Δβ phase-reversal switches has been described and characterized. Switching faster than 5 ns has been observed with a custom driver, but capacitive effects lead to a much slower component of the response. High-performance dynamic demultiplexing has been demonstrated for a four-channel system (∼70-dB extinction ratio) and an eight-channel system (∼50-dB extinction ratio) by determining optimal values of the drive voltages for each 1 × 2 switch. The jitter between waveforms at the input and output of the demultiplexer is insignificant, and the delay variations between demultiplexed waveforms would therefore be dominated by other sources, such as temporal stability of the pulse-shaping system and retiming fibers. A fiber front end using three demultiplexed and retimed waveforms has been in operation on the OMEGA Laser System for eighteen months [14] .
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